Genetic transformation was investigated among Neisseria spp. whose normal habitat is the nasopharynx of humans. Seven species, as characterized in Bergey's Manual (1957), were represented. Deoxyribonucleate (DNA) preparations from streptomycin-resistant mutants of N . meningitidis, N . perflava, N . Java, N . subJava, N . sicca, and N . flavescens conferred resistance upon streptomycinsusceptible parent strains of the corresponding species (intraspecific transformation) and of each other species (interspecific transformation). Ratios of interspecific to intraspecific transformation were 0.01 or higher for all possible combinations of DNA and recipient cells of the six species. On the other hand, N . catarrhalis cells, which exhibited high frequencies of intraspecific transformation, were not transformed a t detectable frequencies by DNA from any of the six Neisseria species listed above. In turn, DNA from N . catarrhalis had little or no transforming activity for these other neisseriae.
INTRODUCTION
Neisseria meningitidis undergoes genetic change (transformation) affecting capsular antigen specificities (Alexander & Redman, 1953) or response to streptomycin a) following brief exposure to solutions of deoxyribonucleate (DNA). The customary source of DNA is experimentally lysed cells. However, genetically active DNA may be found also in the extracellular environment of N . meningitidis (Catlin, 1960a) and N . sicca (Catlin, 1960b) , presumably owing to spontaneous cellular lysis of some proportion of the populations. DNA can be isolated from the supernatant fluids of centrifuged broth cultures and purified. Moreover, the crude DNA-containing culture slimes themselves elicit transformation. Both N . sicca and N . meningitidis culture slimes have transforming activity for N . meningitidis cells (Catlin, 1960a, 
b).
Extracellular transforming activity has been demonstrated also in cultures of pneumococcus (Ottolenghi & Hotchkiss, 1960) . These findings taken together with the knowledge that transformation can occur in vivo (see Austrian, 1952) give substance to the idea that transformation does occur in nature, and that it may be a regular method of genetic transfer for some bacteria. Some of the consequences for bacteria of genetic recombination have been discussed by Ravin (1960) .
A variety of Neisseria spp. inhabit the nasopharyngeal mucosa of man. They may be numerous and proximate in this niche, conditions which should have provided opportunities for recombination, if it occurs. This group appeared favourable, therefore, for investigations of genetic transfer. One or more representatives of each of seven Neisseria species (as characterized in Bergey's Manual, 1957) which inhabit the nasopharynx were examined quantitatively for their capacity to become transformed to streptomycin resistance following exposure to preparations of DNA isolated from streptomycin-resistant mutant strains derived from each of the seven species. In addition, base analyses were carried out on transforming preparations in an attempt to correlate DNA composition with affinities among the Neisseria inferred from the transformation tests ; preliminary reports have appeared (Catlin, 1960c (Catlin, , 1961 .
METHODS

Media.
Heart infusion broth (Difco) with or without 0.3% (w/v) yeast extract (Difco) was supplemented after sterilization with 250,ug. ribonucleic acid (Nutritional Biochemicals Corporation)/ml., 0.00005 M -S O~ ium glutamate and 0.0005 Mcalcium chloride added separately as sterile solutions . In these media, designated HIY-1 or HI-1, luxuriant growth of all strains was obtained in shaken cultures. HIY-1 agar was used in all plating procedures. Concentrations of agar (Difco) employed were 1.4% (w/v) (hard agar) or 0.7y0 (w/v) (soft agar).
To eliminate aberrant responses characteristic of surface growth on dry media, agar was freshly poured on the day it was to be streaked. Hard agar bottom layers for assays were dispensed (in volumes of 20 ml. & 0.5 ml.) 3-5 days before use, and plates were held at room temperature; when overlaid with inoculated soft agar, surface moisture was negligible.
Capacity to produce acid from carbohydrates was examined by using HIY-1 medium with 1 yo (w/v) agar, phenol red 0.015 mg./ml., and 0.5 yo (w/v) of either glucose, maltose, fructose, sucrose, mannitol or lactose. For the latter additions filtersterilized 20 % (w/v) solutions were added aseptically. Media were tubed with a butt and a short slope, and were inoculated by stabbing the deep agar and streaking the surface. Characterization of strains. Table 1 lists the Neisseria strains investigated, their sources and designations. Strain numbers preceded by Ne were from the culture collection of the department. All strains were Gram-negative cocci, commonly arranged in pairs with adjacent sides flattened. They grew well on HIY-1 agar, and were oxidase-and catalase-positive. Chromogenesis, if any, was essentially characteristic of the species, as given in Bergey's Manual (1957) .
None of the strains produced acid from mannitol or lactose; the (control) medium lacking carbohydrate was invariably alkaline. Reactions of the strains in maltose, fructose and sucrose corresponded, with one exception, to descriptions in Bergey's Manual (1957) . The exception related to reactions of Neisseria su,bJEava strain 11076.
Transformation of various neisseriae 305
The 'species' is characterized as producing acid from glucose and maltose only. Acid was produced from maltose and fructose within 1-2 days, and usually from sucrose after 4-6 days of incubation. All strains were highly susceptible to the antibacterial action of crystalline dihydrostreptomycin sulphate (Squibb). This antibiotic will be referred to as DST, and strains resistant to its action as streptomycin-resistant (str-r). Spontaneous singlestep mutations conferring resistance to at least 500 pg. DST/ml. were obtained from all seven species, essentially as described . Organisms were stored at -60'. A number of similar suspensions of each strain was frozen at one time for subsequent use.
DNA preparations. Streptomycin-resistant strains were subcultured several times on HIY-1 agar supplemented with 500 pg. DST/ml. The last subculture served as inoculum for antibiotic-free HIY-1 broth cultures (incubated a t 37" on a shaker) or HIY-1 agar (2 yo, w/v) plates (incubated a t 37" with 70 % humidity). Cultures were harvested after 18-22 hr. Organisms were lysed with sodium dodecylsulphate, as described . The DNA-containing fibrous masses obtained by precipitation with 2 volumes of ethanol were purified by methods (Catlin & Cunningham, 1958; which included two separate steps of deproteinization with sodium dodecylsulphate; each was followed by a step involving centrifugation of the DNA solution (in M-NaCl) for 110 min. (32,OOOg; 3"), and precipitation of DNA fibres with ethanol. The final DNA solutions (in 0.14~-NaC1) were prepared using aseptic precautions (Catlin, 1960a) , and were found to be sterile. Concentration of DNA was determined by the diphenylamine reaction (Dische, 1955) .
Transformation tests. A procedure developed during quantitative transformation studies of Neisseria meningitidis was applied uniformly to all Neisseria species. It involved the following steps.
(1) Preparation of suspension of recipient cells. Punctiform surface colonies were picked from HIY-1 agar which had been incubated 11-5-13 hr. in a water-jacketed incubator at 37". A homogeneous suspension of cells was prepared in warm (36") HI-1 broth. Occasionally the suspension was coarse, in spite of vigorous repeated expulsion from a pipette; it was centrifuged briefly, and the supernatant fluid was used. Suspensions having a barely visible turbidity contained about lo7 colonyforming units/ml. A further dilution was made in warm broth to give the desired population size.
Absence of cellular aggregation, a condition rarely attained with cocci, is essential for an accurate determination of transformation frequencies. Among the Neisseria spp. examined, N. meningitidis was exceptional in providing suspensions having usually about 95 yo single or paired cocci (Catlin, 1960a) . Other species gave suspensions having 5-30 yo of aggregates containing 3-8 cells, most of which numbered 3-4. (Strains of N . sicca and N . catarrhalis, which were most troublesome, produced no fewer aggregates in shaken HIY-1 broth cultures). As the same cellular suspension was used for comparisons of different transforming preparations, results were affected equally by aggregation, however, and ratios of interspecific to intraspecific transformation were found to be reproducible.
(2) Exposure to DNA. As soon as the cellular suspension was prepared, 1.5 ml. was added to 1.5 ml. of each DNA preparation (20.0 ,ug./ml. diluted in HI-1 broth). Each reaction mixture (in 25 x 150 mm. screw-cup tube) was incubated at 36" for 30 min., whereupon 0.03 ml. of a solution of sterile pancreatic deoxyribonuclease (Worthington) 1 mg./ml. with magnesium, was added to destroy unbound transforming DNA.
(3) Assay of number of 'cells'/ml. exposed = E. One or more test populations was sampled just after addition of deoxyribonuclease. Measured volumes of appropriate dilutions in HI broth were added to tubes containing 4 ml. of HIY-1 soft agar (liquefied and held at 44"). These were poured over supporting layers of HIY-1 hard agar. Plates were incubated at 37" for 2-3 days. The value E was calculated from the mean number of colonies on five plates, which usually agreed within 10 yo.
(4) Assay of number of transformants/ml. = T. All reaction mixtures were assayed within 90 min. of initiation of exposure. A sample of (0.1-2.0 ml.) was mixed with 40 ml. of HIY-1 soft agar (at 44 ") ; immediately the entire volume was dispensed in 4 ml. aliquots on the surfaces of a set of 10 HIY-1 hard agar plates. Five min. later the plates were placed without stacking a t 37". Five hr. after the time of initial exposure of cells to DNA, plates were removed to room temperature, and each was overlaid with a 4-ml. top layer of HIY-1 soft agar containing DST in a quantity sufficient to give 500 pg. DST/ml. after diffusion of the antibiotic through the underlying agar. Plates were left at room temperature for a further 45 min.; then they were returned to 37" and were not stacked until each had warmed uniformly. Colonies were counted after incubation a t 37" for 3-4 days. The oxidase reaction was used to check all colonies on plates having fewer than ten colonies. Analysis of base contents of transforming D N A preparations. RNA was removed as described by Smith & Wyatt (1951) . After drying from acetone, DNA was hydrolysed as described by Wyatt & Cohen (1953) , using test tubes called ignition tubes in the U.S.A. (There is danger of the tubes exploding during or after heating.)
Bases were then determined as described by Wyatt (1951) except that the differential extinction method (Vischer & Chargaff, 1948) was used, the coefficients being given by Bendich (1957) . 
RESULTS
Intraspecijic transformation.
Representatives of all seven species of Neisseria examined were transformed from streptomycin-susceptibility to streptomycinresistance by DNA extracted from streptomycin-resistant strains of the corresponding species. Table 2 shows transformation ratios obtained for various strains.
Ratios were consistently low for the single strains of N . subjlava, N . sicca, and N . Jlavescens examined ; between 1 and 10 transformants/lOO,OOO treated cells (colonyforming units) were obtained in repeated tests. In comparison, high transformation ratios were regularly obtained with certain strains of the other four species. Transformation of N . catarrhalis strain Ne 11 varied in five independent experiments from about 5 to 15 yo of the treated population. In one of these tests assays of both transformants (T) and total exposed cells (E) were carried out on fifteen plates containing an identical inoculum ; ten plates were overlaid with DST-containing medium for determination of T, and five plates without overlays were used for counts of total colonies (E). Cellular aggregation presumably gave an upward bias to T/E values, and contributed to differences between the values found in independent tests of the same recipient. One of the most extreme examples of such a difference is shown in Table 2 , N.Java 4.
Various strains of the same species differed considerably in capacity to become transformed, as shown by T/E values for Neisseria perJava and N . catarrhalis strains ( Table 2) . Even greater differences were exhibited by the five N.Java strains (Table 1) . Only strain 4 was transformed at a useful frequency. No transformants were detected in single exploratory tests of strains 55 and JJ IIA (T/E x lo5 ratios were less than 0.007 and 0.06, respectively). Though a few transformants were obtained with strains 2104 and 2105, ratios were very low (0.025 and 0.017). However, DNA preparations obtained from four of these strains (DNA was not prepared from strain 55) were active in eliciting transformation of strain 4 cells ( Table 2) .
Interspeci$c transformation. Table 3 and those portions of Table 2 marked by an asterisk give results of seven representative experiments, each of which tested recipient cells of a given species with transforming DNA from all seven species. Data marked by an asterisk in Table 2 are numbers of transformants/ml. obtained in tests of each recipient with homologous DNA ; these intraspecific transformation values were compared with the number of transformants/ml. elicited by heterologous DNA preparations (interspecific transformation) in the same experiment, and results are expressed in Table 3 as ratios of interspecific to intraspecific transformation. Ratios (Table 3) were 0.01 or higher for all possible combinations of recipient cells and transforming DNA involving the six Neisseria species : meningitidis, perJava, Jlava, subJlava, sicca, and$avescens; each recipient was examined in three or more independent experiments. The interspecific transformation values for N . sicca were based on colony counts ranging from 1 to 5/ml. (as compared with 199/ml. for intra-specific transformation (Table 2) . Accordingly, their reliability is doubtful, although very similar results were obtained in two other experiments with strain Ne 12.
Transformation was not detected following treatment of Neisseria rneningitidis, N . perflava (strains Ne 16 and Ne 20) , N.Jlava, or N..JEavescens recipients with DNA preparations from N . catarrhalis. Whether the rare streptomycin-resistant colonies found in tests of N . subflava and N . sicca represented transformants or spontaneous mutants cannot be determined from available data. One of four tests of N . subjlava and two of three tests of N . sicca showed between one and three streptomycinresistant colonies/2 ml., where corresponding numbers of cells treated with depolymerized DNA (controls) gave no resistant colonies. It is hoped that genetic tests of strains originating from such colonies will indicate their origin; we are at present inclined to regard them as spontaneous mutants, reversing the view expressed in a preliminary report (Catlin, 1960 c) .
Recipient cells of Neisseria catarrhalis strains Ne 11 and Ne 13, examined in five independent experiments, did not undergo interspecific transformation. In one experiment (Ne 11, Table 2 ) 12,140 transformants/ml. were elicited by treatment with N . catarrhalis DNA of a population of 8.4 x lo4 colony-forming units/ml.; in contrast, a higher concentration of the same cellular suspension (3.0 x lo6 colonyforming units/ml.) gave no transformants following exposure to DNA preparations from each of the other six species (ratios of interspecific to intraspecific transformation less than 0-000002 (Table 3) .
Base composition of DNAs. The base contents of transforming DNA preparations are given in Table 4 . The ratio (adenine + thymine/guanine + cytosine) for Neisseria meningitidis DNA is in agreement with the value (1.00) found by Lee, Wahl & Barbu (1956) for another strain of the same species. str-r.
DISCUSSION
The near-identity of the base ratios of DNA preparations from six different Neisseria spp. : meningitidis, perflava, Jlava, subflava, sicca, and Jlavescens (Table 4) is in accordance with expectation based on the results of transformation experiments. These DNA preparations elicited genetic change of recipient cells in all thirty-six possible combinations involving the six kinds of Neisseria (Table 3) . Thus, representatives of these six species (as defined in Bergey's Manual, 1957 ) may be regarded as members of a single group (group 1) in so far as they are related by the possibility of genetic transfer. On the other hand, a barrier to the transfer of genetic information appears to exist between group 1 strains and strains of N . catarrhalis. Recipient cells of the latter were not transformed by DNA preparations from group 1 strains, and conversely, DNA from N . catarrhalis had little or no transforming activity for recipient cells of group 1. The significant difference between the DNA base ratios of members of group 1 on the one hand, and N . catarrhalis on the other, indicates a possible structural basis for the barrier between the two groups.
A growing body of information suggests that genetic transfer occurs only between bacteria having DNA with similar base ratios (see discussions of this subject by Lanni, 1960 , and by Ravin, 1960) . Base ratios may range at least from 0.4 to 2.7, as shown by an investigation of the DNA of 60 strains of true bacteria (Lee et al. 1956) . A significant difference between ratios found for any two strains implies remoteness of relationship ; accordingly, transfer of genetic information between the two would not be expected. Although there is no agreement concerning the scope of the bacterial genus, the inclusion of catarrhalis strains in the genus Neisseria appears illogical from the evolutionary point of view.
In general, where adequate quantitative experimental design has eliminated bias due to differential selection of either the transformed or untransformed elements of the bacterial population, higher frequencies are obtained in intraspecific than in interspecific transformation tests (Schaeffer, 1958 ; but see Bracco, Krauss, Roe & MacLeod, 1957) . Leidy, Hahn & Alexander (1956 , 1959 have applied an analysis of ratios of interspecific to intraspecific transformation to the taxonomy of the genus Haemophilus on the premise that such ratios reflect the degree of relationship of donor and recipient cells. Thus far, however, quantitative investigations of interspecific transformations have been restricted to streptomycin resistance; in view of findings by Green (1959) interpretation of interspecific transformation data involving this single characteristic should be made with caution. He showed that heterogeneity of recipient pneumococcus strains may have an unequal influence on transformation frequencies determined for two different characteristics. The frequency of transformation to streptomycin resistance was consistently lower with one recipient than with a second, whereas these two pneumococcal strains exhibited equal frequencies of transformation to erythromycin resistance following exposure to a single doubly-marked transforming preparation. (Table 2) . However, the latter was transformed by DNA from strain J J I I A str-r at frequencies lower than those elicited in the same experiment by DNA preparations from N . perJava (both strains Ne 16 str-r and Ne 20 str-r).
The response of Neisseria subjlava strain 11076 was unique among the Neisseria spp. investigated. Recipient cells were transformed a t higher frequencies by DNA preparations from streptomycin-resistant strains of N . perJava and N . Java than by DNA from N . subflava str-r. Further study may show that the response of this strain to homologous DNA is an example of ' depressed ' transfer of the streptomycin resistance marker (Green! 1959) . The atypical fermentation reactions (see ' Methods ') suggest that this strain is not a representative of N . subJava. Strains which do correspond to the description of N . subjlava (as given in Bergey's Marzual, 1957) are rarely encountered (report of the Subcommittee on the family Neisseriaceae, 1954). A genetic study of available strains, together with further investigations of strain 11076 and representatives of N . Java and N . per$ava, may clarify their taxonomic relations. Further discussion of possible taxonomic implications of ratios of interspecific to intraspecific transformation is better postponed until results of tests with other markers are available.
